Background: Cardiac surgery induces changes in plasma cytokines. Proinflammatory cytokines have been associated with a number of renal diseases. The proinflammatory cytokines interleukin 8 (IL-8), tumor necrosis factor ␣ (TNF␣), and interleukin 1␤ (IL-1␤) are smaller than the antiinflammatory cytokines interleukin 10 (IL-10), interleukin 1 receptor antagonist (IL-1ra), and TNF soluble receptor 2 (TNFsr2), and thus undergo glomerular filtration more readily. Accordingly, this study investigated the relation between plasma and urinary cytokines and proximal renal dysfunction during cardiac surgery.
CLINICALLY significant renal dysfunction after cardiac surgery, as evidenced by elevated plasma urea and creatinine concentrations and decreased creatinine clearance, is uncommon. [1] [2] [3] [4] Subclinical renal dysfunction, as measured using various markers of renal tubular damage, has been described in patients after cardiac surgery involving cardiopulmonary bypass (CPB) in the absence of overt changes in plasma urea and creatinine concentrations and creatinine clearance. 5, 6 However, Jorres et al. 5 showed that, in patients who developed an elevated plasma creatinine concentration after cardiac surgery, urinary N-acetyl-␤-D-glucosaminidase (NAG) levels correlated with the increased creatinine. 5 The NAG/creatinine ratio is a sensitive and specific marker of renal tubular dysfunction. 6 -8 NAG is a specific proximal tubular lysosomal enzyme that has a large molecular weight that prevents filtration at the glomerulus and is neither absorbed nor secreted by the tubules. Hence, any increases in the urinary concentration of NAG may be considered a result of tubular cell damage. It is conventional to express NAG as a ratio of urinary creatinine to minimize error caused by dilutional or concentrational effects. 5, 9 Another marker of renal tubular dysfunction is ␣ 1 -microglobulin, which is filtered at the glomerulus and 95% reabsorbed at the proximal tubule; thus, any increase in urinary concentration would suggest proximal tubular dysfunction. 10, 11 A greater knowledge of renal tubular dysfunction may lead to a greater understanding and subsequent prevention of clinically significant renal dysfunction.
Renal tubular dysfunction after cardiac surgery has been attributed to hypotension, reperfusion injury, and CPB-induced hemolysis. 12 However, these mechanisms alone do not explain subclinical or clinical renal dysfunction because these may occur in patients who did not sustain a perioperative hypotensive episode or who have not undergone CPB. 13, 14 The kidney plays an important role in controlling the perioperative inflammatory cytokine response. Plasma proinflammatory cytokines-interleukin 1␤ (IL-1␤), tumor necrosis factor ␣ (TNF␣), and interleukin 8 (IL-8)-have a low molecular weight (Ͻ 20 kd) and undergo glomerular filtration followed by denaturation by the proximal tubular cells. [15] [16] [17] In plasma, the inflammatory actions of proinflammatory cytokines are controlled in part by plasma antiinflammatory cytokines, interleukin 10 (IL-10), interleukin 1 receptor antagonist (IL-1ra), and tumor necrosis factor soluble receptor 2 (TNFsr2). 18 However antiinflammatory cytokines are of greater molecular weight than proinflammatory cytokines (Ͼ 20 kd) and thus less readily filtered by the glomerulus. The proximal tubules therefore cannot fully rely on filtered plasma antiinflammatory cytokines to limit the potential cytotoxic effects of the filtered proinflammatory cytokines. TNF␣ has been associated with a variety of renal diseases, and the role of TNF␣ in mediating renal insufficiency after CPB has been suggested but not fully investigated. 19, 20 Proinflammatory cytokines lead to the production of nitric oxide via inducible nitric oxide synthase (iNOS) in cell culture, suggesting a direct mechanism for cell damage. 21, 22 The aim of this study was to investigate how elements of the proinflammatory and antiinflammatory response previously identified during cardiac surgery may be linked to perioperative renal dysfunction. 23 We wished to determine whether there was a correlation between the magnitude of the plasma proinflammatory response and perioperative proximal tubular damage as measured by urinary NAG/creatinine and ␣ 1 -microglobulin/creatinine ratios. Changes in urinary proinflammatory and antiinflammatory cytokines had not been investigated previously in patients undergoing cardiac surgery. We investigated if the renal tract was itself capable of generating a protective antiinflammatory cytokine response during the period of renal handling of filtered proinflammatory cytokines.
Methods
After obtaining Research Ethics Committee approval and informed written consent, 20 American Society of Anesthesiologists grade III-IV patients undergoing elective coronary artery revascularization grafting using CPB were enrolled into the study. All patients were receiving triple therapy with ␤ blockers, nitrates, and calcium antagonists. Exclusion criteria were unstable angina, myocardial infarction within the previous 3 months, diabetes, heart or liver failure, and documented renal dysfunction as indicated by an elevated plasma creatinine concentration. These exclusion criteria were applied to minimize interpatient variability and to provide a group of patients at low risk of developing postoperative renal failure. All patients received benzodiazepine or benzodiazepine-opioid premedication and had a pulmonary artery flotation catheter placed from which blood samples were taken. Patients were anesthetized with fentanyl 20 -25 g/kg, pancuronium 100 -150 g/kg, and anesthesia was maintained using target controlled intravenous anesthesia with propofol (target concentration, 0.5-4.0 g/ml) and fentanyl increments. Mean arterial pressure during CPB was maintained above 50 mmHg.
Blood samples were obtained at baseline (before induction of anesthesia, sample 0), after aortic cross-clamp release (sample 1), and 2 and 24 h after the termination of CPB (samples 2 and 3, respectively). Urine samples were obtained at baseline (residual, sample A); after aortic cross-clamp release (sample B); and 2, 6, 24, 48 and 72 h after the termination of CPB (samples C, D, E, F, and G, respectively). Plasma and urinary samples were assayed for the proinflammatory cytokines IL-1␤, TNF␣, and IL-8, as well as the antiinflammatory cytokines IL-10, IL-1ra, and TNFsr2, using commercially available cytokine kits (Quantikine, R & D Systems Europe, Abingdon, Oxfordshire, United Kingdom). Urine was also assayed for NAG, creatinine, and ␣ 1 -microglobulin. NAG was analyzed by a spectrophotometric method using commercially available kits (PPR Diagnostics Ltd, London, United Kingdom) and ␣ 1 -microglobulin was analyzed by immunonephelometry (Beckman Coulter Ltd, High Wycombe, Buckinghamshire, United Kingdom).
Statistical Analysis
Data are presented as mean Ϯ SD or median, percentiles, and range. The results were analyzed within groups compared with baseline using a nonparametric repeatedmeasures analysis of variance with Dunn post-test as appropriate. P less than 0.05 was considered significant.
Results
All patients were similar with regard to demographic and perioperative data (table 1). Patients were known to have good left ventricular function with estimated leftventricular ejection fraction greater than 30%. Eleven patients received phenylephrine increments during CPB to maintain mean arterial pressure greater than 50 mmHg. Four patients required a dopamine infusion during the period immediately after bypass, which was continued in three patients until extubation (Ͻ 24 h) at a rate of 0 -5 g ⅐ kg Ϫ1 ⅐ h Ϫ1 . One patient required a norepinephrine infusion in the immediate postoperative period. Plasma creatinine concentrations for all patients were within the normal adult range (60 -120 M) preoperatively (94.9 Ϯ 10.6 M). Plasma creatinine concentrations decreased slightly at 24 h postoperatively (93.1 Ϯ 17.5 M) and then decreased to below preoperative levels at 48 h (85.7 Ϯ 18.0 M). Aprotinin was not administered to any patient. 
Urinary Markers
Urinary NAG/creatinine ratios are shown in figure 1. There was an increase in NAG/creatinine ratio beginning after aortic cross-clamp release (sample B) and lasting for 2 h after CPB (sample C). Some recovery was noted at 6 and 24 h (samples D and E), but there was a further increase at 48 h (sample F), and levels remained elevated throughout the study period. All samples were significantly increased (P Ͻ 0.01) when compared with baseline.
Similar changes were also found in urinary ␣ 1 -microglobulin/creatinine ratios ( fig. 1 ). There was a large increase beginning after aortic cross-clamp release (sample B) that peaked at 2 h after CPB (sample C) with some recovery at 6 and 24 h (samples D and E), but a further increase occurred at 48 h (sample F), and levels remained elevated for the remainder of the study period. All samples were significantly increased (P Ͻ 0.01) when compared with baseline.
Urinary Cytokines
Urinary IL-1␤, TNF␣, IL-8, and Il-10 were detected in minimal amounts during the study period. Urinary TNFsr2 ( fig. 2 ) was significantly elevated at all sampling times when compared with baseline (P Ͻ 0.01), whereas urinary IL-1ra ( fig. 2) was also significantly increased at all sampling times, apart from sample B (after aortic cross-clamp release), when compared with baseline (P Ͻ 0.01).
Plasma Cytokines
Plasma cytokine changes are illustrated in figure 3 . TNF increased from baseline to a peak at cross-clamp release (sample 1) that was maintained at 2 h after CPB (sample 2) and returned to baseline values at 24 h after CPB (sample 3). IL-8 had a similar elevation with a maximum increase at 2 h after CPB (sample 2). IL-1␤ levels were below the lower detection limit of the assay throughout the study period. IL-1ra increased significantly from baseline in all samples, with a maximum increase at 2 h after CPB (sample 2). TNFsr2 also increased during the study, with a maximum increase compared with baseline at 24 h (sample 3). IL-10 dis-played a similar pattern, being elevated in all samples when compared with baseline, with a peak increase at 2 h after CPB (sample 2).
Plasma TNF␣ concentrations at 2 h after CPB versus NAG/creatinine ratio at 2 and 6 h after CPB showed a significant correlation (Spearman rank correlation coefficient, 0.570 [P Ͻ 0.01] and 0.537 [P Ͻ 0.05], respectively). Plasma IL-8 concentrations at 2 h after CPB versus NAG/creatinine ratio at 6 h after CPB also showed a significant correlation (Spearman rank correlation coefficient, 0.494; P Ͻ 0.05). There was no correlation between ␣ 1 -microglobulin/creatinine ratios and plasma proinflammatory cytokines at any time point. Plasma TNF␣ concentrations at 2 h after CPB also correlated significantly with urinary IL-1ra concentrations at the same time point (Spearman rank correlation coefficient, 0.485; P Ͻ 0.05). Urinary IL-1ra concentrations and NAG/creatinine ratios after cross-clamp release, 2 and 6 h after CPB, showed a significant correlation (Spearman rank correlation coefficient at cross-clamp release, 0.445 [P Ͻ 0.05]; at 2 h, 0.648 [P Ͻ 0.01]; at 6 h, 0.516 [P Ͻ 0.05]). There was no correlation between urinary TNFsr2 concentrations and NAG/creatinine ratios. There was also no correlation between urinary cytokines and ␣ 1 -microglobulin/creatinine ratios.
Discussion
The incidence of dialysis-dependent acute renal failure after cardiac surgery has been reported as 0.7-1.4%, with an overall mortality rate in these patients of 28 -63.7%. 2, 24, 25 In addition, Conlon et al. 25 described a 7.9% incidence of non-dialysis-dependent renal dysfunction with a mortality rate of 1.8%. Although relatively uncommon, renal problems lead to a significant prolongation of postoperative recovery time with increased morbidity and mortality. Postoperative acute renal failure is more likely in patients older than 65 yr or after valve surgery or prolonged CPB time. 26 Recently, an appeal for urgent investigation into mechanisms of renal injury and dysfunction after cardiac surgery has been made. 24 It has been shown recently that in patients undergoing cardiac surgery with normal preoperative renal function, as measured by plasma urea and creatinine, there is evidence of renal tubular dysfunction postoperatively. Westhuyzen et al. 6 described an elevation of urinary markers in almost all patients undergoing CPB, commencing during CPB and lasting for several days thereafter. 6 These included increases in concentrations of NAG, tubular brush border antigen, adenosine deaminase binding protein, and ␤ 2 microglobulin. Jorres et al. 5 confirmed the aforementioned findings and also demonstrated an increase in ␣ 1 -microglobulin on day 1 after CPB, which remained elevated throughout the observation period of 5 days. It is therefore apparent that renal dysfunction after cardiac surgery forms a spectrum of severity ranging from the relatively uncommon development of dialysis-dependent acute renal failure to the almost universally occurring renal tubular dysfunction as measured by urinary markers such as NAG and ␣ 1 -microglobulin. In this study, we evaluated renal tubular dysfunction in a low-risk group of patients undergoing coronary artery revascularization grafting using NAG/creatinine and ␣ 1 -microglobulin/creatinine ratios. We found that patients had an increase in these urinary markers for several hours postoperatively but that there was some recovery at 24 h. There was a further peak in NAG/creatinine and ␣ 1 -microglobulin/creatinine ratios at 48 h that remained elevated when compared with baseline for the duration of the study period. Plasma creatinine concentrations remained within normal limits during the study period. This is consistent with previous published work by Westhuyzen et al. 6 and Jorres et al. 5 confirming the presence of renal tubular dysfunction in the absence of overt changes in conventional measures of renal function.
Proinflammatory cytokines such as IL-1␤ and TNF␣ are usually detectable in plasma in low concentrations (Ͻ 10 pg/ml) or not at all. In contrast, the antiinflammatory cytokines, IL-1ra and TNFsr2, are normally detectable at plasma concentrations of greater than 600 pg/ ml. 23, 27 The maintenance of this constant plasma balance in favor of antiinflammatory cytokines has been called cytokine homeostasis. 18 Inflammatory cytokines may be found close to the site of production in local reservoir sites. If there is spillover of proinflammatory cytokines into the circulation, their proinflammatory effects are limited by plasma antiinflammatory cytokines that begin to increase in concentration. 23 The kidney preferentially filters the smaller proinflammatory cytokines (Ͻ 20 kd) and less readily filters the larger antiinflammatory cytokines (Ͼ 20 kd). During cardiac surgery involving CPB, there is an increase in plasma proinflammatory cytokines TNF␣, IL-1␤, and IL-8 as demonstrated in this and previous work. 23 These proinflammatory cytokines are then presented to the proximal renal tubules. Ordinarily, these small proinflammatory cytokines, although filtered at the glomerulus, are not excreted in the urine, and it has been demonstrated that they are absorbed by the proximal tubular cells and denatured by intracellular proteolytic mechanisms. 15, 17 As the larger antiinflammatory cytokines (IL-1ra and TNFsr), which normally counterbalance the effects of these smaller proinflammatory cytokines, less readily pass into the glomerular filtrate, it was thought that during cardiac surgery involving CPB, the magnitude of the proinflammatory response would correlate with the magnitude of proximal tubular injury.
A general cytotoxic effect of proinflammatory cytokines has been suggested through iNOS induction. 28 Animal models of in vitro proximal tubular cultures have shown that challenge with lipolysaccharide or proinflammatory cytokines leads to induction of iNOS activity, suggesting a potential mechanism for proximal tubular damage during septicemia. 22, 29, 30 There are numerous studies identifying plasma TNF␣ as one of the proinflammatory cytokines associated with renal disease. 19, 20 More specifically, the proinflammatory cytokines IL-1, TNF␣, and interferon ␥ have been shown to induce iNOS in human proximal tubular cell culture, and the resultant nitric oxide is thought to be nephrotoxic. 21 These investigators suggested a time-dependent induction of iNOS as a mechanism of proinflammatory cytokine-induced proximal tubular damage in humans. Our study showed a positive correlation between the plasma TNF␣ concentrations 2 h postoperatively and the urinary NAG/creatinine ratios 2 and 6 h postoperatively. A correlation was also demonstrated between plasma IL-8 concentrations 2 h postoperatively and urinary NAG/creatinine ratios at 6 h postoperatively. The timings of these correlations would be in keeping with the results of Chatterjee et al., 21 who suggested that proinflammatory cytokine-mediated proximal tubular damage is time and concentration dependent. This finding establishes a direct correlation between plasma TNF␣ and IL-8 concentrations and urinary NAG/creatinine ratios as a potential early indicator of renal dysfunction. Although NAG was elevated before plasma IL-8, this may have been in response to the early increase in TNF␣, which correlated with the early NAG increase. Although IL-8 has not been investigated in proximal tubular cell culture for cytotoxicity, it is known to express its actions via iNOS induction. 31 Because the kidney is involved in removing proinflammatory cytokines from the circulation and denaturing them, a correlation between the plasma proinflammatory response and subsequent proximal tubular injury may not be unexpected.
Proinflammatory cytokines are more readily filtered than the larger antiinflammatory cytokines. We wished to determine if the kidney, in an attempt to maintain intrarenal cytokine balance, would, like the lung, rapidly generate a large endogenous protective antiinflammatory cytokine response, which would be detectable as an increase in urinary antiinflammatory cytokines. 27 This study demonstrated significant increases in the urinary antiinflammatory cytokines TNFsr2 and IL-1ra that preceded the increases in plasma antiinflammatory cytokines and occurred at a much greater magnitude. It is therefore apparent that the increases in urinary antiinflammatory cytokines cannot wholly be attributed to filtration of increased plasma antiinflammatory cytokines. We believe that the increased urinary antiinflammatory cytokines IL-1ra and TNFsr2 arise from sources within the renal tract. Because it is known that increases in plasma proinflammatory cytokines can stimulate the release of antiinflammatory cytokines from susceptible cells, we suggest that the arrival of proinflammatory cytokines in the glomerular filtrate early in the surgical process leads to activation of an intrarenal antiinflammatory cytokine response. This study demonstrated a positive correlation between plasma TNF␣ and urinary IL-1ra. It could be suggested that increased urinary antiinflammatory cytokines provide a mechanism in facilitating safe proximal tubular disposal of filtered plasma proinflammatory cytokines. The present study demonstrates that despite increases in plasma proinflammatory cytokines, there were no increases in urinary proinflammatory cytokines. This is consistent with the findings of Bocci, 15 that normally the kidney efficiently metabolizes filtered proinflammatory cytokines.
We also investigated if there was any relation between observed changes in urinary cytokines and renal tubular dysfunction. Simultaneous with the increase in urinary IL-1ra and TNFsr2, there was a significant increase in proximal tubular dysfunction as indicated by increased urinary NAG/creatinine and ␣ 1 -microglobulin/creatinine ratios. There was a positive correlation between the magnitude of the urinary IL-1ra and urinary NAG/creatinine ratio, suggesting a relation between the changes in urinary cytokine homeostasis and renal dysfunction. It is perhaps surprising that a urinary antiinflammatory cytokine, IL-1ra, should correlate with proximal tubular damage, because a direct causal relation is unlikely. However, it is likely that a common mechanism is contributing to both the antiinflammatory cytokines in the urine and the renal damage. A reason for this may be that the plasma proinflammatory cytokines, once filtered by the glomerulus, not only induce a degree of proximal tubular injury, but also at the same time trigger an intense intrarenal antiinflammatory response to allow the safe disposal of the proinflammatory cytokines.
This demonstration that changes in urinary cytokine balance accompany proximal tubular dysfunction will require further work to determine if a common mechanism is contributing to both changes, or if the changes in cytokine homeostasis result from, or contribute to, the renal tubular dysfunction. Although previous work has suggested that the kidney is involved in controlling the plasma proinflammatory response, the present study suggests that the kidney may itself be damaged by the very inflammatory response it is seeking to control. The results of this study also suggest that the kidney can rapidly mount an intense antiinflammatory cytokine response at the same time as it is filtering and destroying plasma proinflammatory cytokines.
